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Self-Powered Carbon Nanotube Yarn for
Acceleration Sensor Application

Bum-Joon Kim “, Yongwoo Jang

Abstraci—Accelerometers are indispensable for detect-
ing accelerating forces in automotive electronic systems.
Although several accelerometers have been developed,
they are still unstable for vehicle dynamics’ applications
in the low-frequency range (0-20 Hz). Here, we report a
novel type of accelerometer based on a coiled carbon
nanotube (CNT) yarn as a self-powered and low-frequency
range-covered acceleration sensor. The proposed sensor
is designed in a compact fiber-like structure for practical
applications. Open-circuit voltage (OCV) signals are con-
sistently generated during the stretch-and-release process
of the coiled CNT yarn by the applied sinusoidal accelera-
tions, and the OCV changes increase linearly with increas-
ing acceleration from 4.84 to 48.37 m/s2. Our accelerometer
exhibits excellent dynamic sensing performance in the low-
frequency range compared with commercial accelerome-
ters. In an application as a CNT yarn device configured with
a mass load, the OCV change is linearly proportional to the
applied acceleration. When our accelerometer is attached
to a seatbelt in a vehicle, it generates OCV changes from the
movement of the body mass underlying a certain accelera-
tion change. Given its excellent sensing performance, the
CNT yarn acceleration sensor could further be developed
for practical applications, such as seatbelts and car seats
with fabric and textile.

Index Terms—Acceleration, carbon nanotube (CNT), self-
power, sensor, yarn.

[. INTRODUCTION

N accelerometer is an electromechanical device used to
measure accelerating forces that have potential applica-
tions in various fields, such as satellites, biomedical devices,
mechanical structure testing, the automotive industry, and earth-
quake monitoring [1], [2]. In particular, automotive accelerom-
eters have been used for electronic detecting systems, such
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as crash detection, antilock braking, traction and suspension
control, electronic steering, and chassis guidance [3]-[5]. Al-
though a number of automotive accelerometers have been de-
veloped to date, they are still limited in stable detection at the
low-frequency range [6], [7]. For example, piezoelectric-type
accelerometers are mostly applied as automotive sensors [8]—
[10], but they exhibit sensitivity degradation at low-frequency
ranges [11], [12].

Piezoelectric accelerometers require input power and an elec-
tric circuit for transducing into a voltage output. The input
power consumes an external power source, such as batteries,
and generates an electrical delay that causes a slow response
time [13]. Recently, various types of self-powered acceleration
sensors have been reported using nanogenerators based on the
triboelectric, piezoelectric, and pyroelectric materials [14]-[17].
However, their acceleration sensing performances were very
poor compared with commercial accelerometers [18], [19].
Hence, for high-performance automotive vehicles, self-powered
and low-frequency range-covered accelerometers are required.

Carbon nanotube (CNT) yarns made by the twist insertion
of a CNT sheet are known to exhibit excellent mechanical and
electrical properties with a large porous surface area [20]-[22].
Previous studies have presented the feasibility of sensor ap-
plications of CNT yarns with respect to strain deformation,
force variance, and human health monitoring [23]-[28]. Our
group recently provided a CNT yarn harvester (referred to as
“Twistron™) that can convert mechanical energy into electri-
cal energy without external bias voltage [29]. It was found
that stretching a coiled CNT yarn generates an open-circuit
voltage (OCV) and electrical power within 30 Hz of fre-
quency in proportion to the strain deformation of the CNT
yarn [29], [30].

Here, we demonstrate a self-powered and low-frequency
range-covered CNT yarn sensor as a novel type of accelerometer.
The proposed accelerometer sensor was compactly designed
and fabricated as a fiber-like single-body structure for practi-
cal applications. As a sensing electrode, the coiled CNT yarn
was characterized under various conditions with different ac-
celerations, displacements, and frequencies. In particular, we
evaluated the acceleration sensing characteristics in the low-
frequency range (0-20 Hz) that are relevant to acceleration
environments in automotive vehicles and compared the per-
formance with a commercial accelerometer. Furthermore, we
showed the functional applications of a coiled CNT yarn as
an accelerometer using a mass configured device and body
mass.
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Fig. 1.
Sensor.

Schematic diagram of self-powered CNT yarn acceleration

[I. SENSOR DESIGN

Fig. 1 illustrates a self-powered CNT yarn sensor that
comprises acoiled CNT yarn as the working electrode, a ply of an
untwisted CNT yarn as a counter electrode, and a NaCl aqueous
solution as an electrolyte connecting two electrodes, all of which
are packed inside a silicone rubber tube. A coiled CNT yarn with
self-coiled structure as the working electrode is fabricated by
inserting a twist using supporting load and microstructures, such
as yarn diameter, bias angle, coil pitch length, and intrabundle
porosity, which is associated with its electrochemical state, is
sensitive to yarn length change by stretching and releasing [29].
By contrast, the counter electrode with a ply of uncoiled CNT
yarns is insensitive to changes in yarn length due to the plied
CNT yarn without twist insertion. OCYV, electric voltage poten-
tial difference between two electrodes, generates as a sensor
signal without input voltage. The acceleration causes stretching
of the CNT yarn sensor; consequently, the CNT yarn sensor
generates an OCV change as an output signal when accelerated.
The principles of this yarn-type acceleration sensor are discussed
in further detail later in the text.

I1l. EXPERIMENTAL METHODS
A. Materials

Coiled and plied CNT yarns were fabricated by using a
commercial CNT fiber (C-type, Murata Machinery, Ltd., Japan)
made from multiwalled CNT forests with a diameter of about
40 pm. NaCl (anhydrous, ACS reagent, >99%, Sigma Aldrich,
USA) was used for the 0.6 M NaCl aqueous solution. The
silicone rubber tube [Silicone Intravascular Tubing (Silastic)],
with the inner and outer diameters of 1.0 mm and 2.2 mm,
respectively, was purchased from Instech Laboratories, Inc.,
USA.

B. Fabrication of the CNT Yarn Sensor

The CNT yarn sensor consists of working/counter electrodes,
electrolyte, and silicone tube packaging (see Fig. 1). The work-
ing electrode was fabricated by coiling a four-ply CNT yarn,
a CNT coil with an average coil diameter of 125 pm, and a

Vivgaution Saiiar

CommerciallAccelerometer.

Fig. 2. Acceleration sensing system setup for CNT yarn and commer-
cial sensors. Electrodynamic vibration exciter (Modal Shop, Inc. Model
2007E) with a function generator signal that generates sinusoidal tensile
vibrations and the vibration component is directly connected with the
CNT yarn and the commercial sensor. One side of the CNT yarn sensor
was fixed tightly onto the vibration component and the other side was
tethered on ground. The commercial acceleration sensor device was
set by the vibration component.

spring index of 0.45-0.47; the amount of twist insertion was
2730 turns/m [31], [32]. The counter electrode was an uncoiled
CNT yarn ply, and the length of both electrodes was 50 mm.
All of the working/counter electrodes and the electrolyte (0.6 M
NacCl aqueous solution) were packed in a silicone tube, and both
sides of the electrodes were tethered.

C. Characterizations

Two-electrode experiments were conducted using coiled and
plied CNT yarns as the working and counter electrodes, respec-
tively [29]. The OCV, i.e., the potential difference between the
working and the counter electrodes, was measured using a dig-
ital oscilloscope (InfiniVision, model DSOX4024A, Keysight
Technologies, USA). The applied acceleration was estimated
from the yarn length variation and calculated with second-order
differentiation of all the data points of the dynamic yarn length
changes by using mathematical software (Origin(Pro), Version
2016, OriginLab Corporation, USA).

Fig. 2 shows the acceleration sensing system setup for a CNT
yarn sensor. An electrodynamic vibration exciter (model 2007E,
Modal Shop, Inc., USA) was used for periodic acceleration
sensing characterization. The vibration exciter with the func-
tion generator generates sinusoidal tensile vibrations and the
vibration component is directly connected with the CNT yarn
and the commercial sensors. One side of the CNT yarn sensor
was fixed tightly onto the vibration component and the other side
was tethered on the ground. The commercial acceleration sensor
(model 8315A2D0, Kistler, USA) was a capacitive single-axis
accelerometer, the acceleration range was 0-98 m/s2, in the low-
frequency range (0-200 Hz); the generated voltage output was
Vout- The exciter vibration with variable frequency (1-20 Hz)
at a constant strain (30%, 15 mm) was used to characterize the
frequency response. A commercial acceleration sensor device
was set by the vibration component. Three voltage output signals
(the generated waveforms by the function generator, the CNT
yarn, and the commercial sensors) were measured and recorded
with digital oscilloscopes simultaneously.

Authorized licensed use limited to: Hanyang University. Downloaded on November 27,2020 at 00:44:13 UTC from IEEE Xplore. Restrictions apply.



2678

IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 68, NO. 3, MARCH 2021

20 =
o
. £
s %
E g
0 @
é 40 §
310 20 2
i 8
20} ] 120
1 1 1-40
0 2 3 4
Time (sec)

Fig. 3.

stretching of coiled CNT yarn.
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Dynamic response of self-powered CNT yarn sensor and the
estimated stretching acceleration for stretch-hold of CNT yarn. Inset
figures represent changes in electrochemical states for releasing and

Fig. 4. Dynamic responses with OCV and the estimated stretching
acceleration for stretch-hold of CNT yarn with (a) 2%, (b) 5%, (c) 10%,
and (d) 20% stretching.

[V. RESULTS AND DISCUSSION

Fig. 3 shows the time-dependent OCV change of the coiled
CNT yarn when accelerated. The OCV change generated was
~23.02 mV when the change in acceleration was 28.96 m/s?
with 25% strain for 0.1 s. The blue line in Fig. 3 represents
the estimated acceleration from the variation in yarn length,
calculated with second-order differentiation of all the data points
of the dynamic yarn length changes by using mathematical
software. It was found that the OCV change increased
proportionally with the increase in acceleration by 2%, 5%,
10%, and 20% strain deformations for 0.1 s (see Fig. 4). The
generated OCV increased with higher applied acceleration and
the changes appeared to have a linear relationship with the
applied acceleration (see Fig. 5).

The periodic acceleration sensing characteristics of the
CNT yarn sensor were evaluated. An electrodynamic vibration

50

0 10 20 30 40
Acceleration (m/s’)

Fig. 5. Generated OCV changes for the applied accelerations with
stretching of CNT yarn. Data points are the average values and standard
deviations of 5 experiments.
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Fig. 6. Periodic acceleration sensing characteristics of CNT yarn sen-
sors. (a) Dynamic OCV changes for sinusoidal tensile acceleration with
different strain at 10 Hz. Data points are the average values and stan-
dard deviations of 10 experiments. (b) Correlated plot with OCV changes
and estimated accelerations for various applied strains.
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Fig. 7. Sensor responses for frequency changes in periodic acceler-
ation system. (a) Measured OCV change rate for frequency variation
with constant strain. Data points are the average values and standard
deviations of five experiments. (b) Definition of OCV change rate (Vs™')
in dynamic sensor responses for yarn stretching with 0.5 and 1.0 Hz.

exciter was used for periodic acceleration applied with sinu-
soidal tensile vibrations and one side of the CNT yarn sensor
with both ends tethered was directly connected to the exciter (see
Fig. 2). Fig. 6(a) shows the dynamic response of the CNT yarn
acceleration sensor to strain deformations at 10 Hz stretching.
This sinusoidal variation in OCV increased with increasing the
strain from 5 to 30%. Although OCV baselines were slightly
different from test conditions, we considered the amount of OCV
changes as a sensing signal. Fig. 6(b) represents the correlation
with the generated maximum OCYV, the applied strain, and the
evaluated maximum acceleration. The OCV change was linearly
proportional to the strain deformations and the corresponding
acceleration.

Moreover, the coiled CNT yarn sensor could discriminate
the frequency variation by using the OCV change rate [see
Fig. 7(a)]. The OCV change rate (AOCV rate, V/s) can be
defined as the dynamic sensor response to CNT yarn stretching
[see Fig. 7(b)]. The OCV change rate increased as the applied fre-
quency was increased from 0.128 to 1.890 V/s, which means that
frequency detection is possible. Fig. 8(a) represents the variation
of sensitivity at various frequencies. The sensitivity (Vs~!/ms2),
which means a sensor signal per acceleration, was defined as
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Fig. 8. Acceleration sensitivity evaluation for CNT yarn sensors.
(a) Sensitivity (OCV change rate per acceleration) variation with fre-
quency changes. Data points are the average values and standard
deviations of ten experiments. (b) OCV change rates versus estimated
acceleration levels at various frequencies. The acceleration levels were
controlled by the applied strains at a specific frequency. The sensitivity
(Vs~'/ms™2) was defined as the slope in the acceleration-OCV plot.

the slope in the acceleration-OCV rate plot [see Fig. 8(b)].
Acceleration levels were controlled by the applied strains at a
specific frequency. As a result, the calculated sensitivity was
nearly constant with the frequency variation [see Fig. 8(a)].

The sensing characteristics of the CNT yarn sensor and the
commercial accelerometer (model 8315A2D0, Kistler) were
evaluated and compared with the controlling frequency in a peri-
odic acceleration system. The acceleration sensing performance
of a CNT yarn and commercial sensors for frequency vibrations
from 1 to 20 Hz is shown in Fig. 9. Fig. 9(a)—(c) indicates that
both the CNT yarn (black line) and the commercial sensors (blue
line) had good dynamic responses (sinusoidal wave output) at 1,
3, and 5 Hz (<10 Hz). However, at 10 and 20 Hz, the CNT
yarn still appeared to have a sinusoidal output, whereas the
commercial sensor showed a saturated output [see Fig. 9(d) and
(e)]. The applied accelerations, such as the sinusoidal vibration,
which are dependent on the frequency, inevitably increase at a
higher frequency level in a periodic acceleration system.

The acceleration sensing characteristics of mass configured
device systems with CNT yarn are shown in Fig. 10. A mass—
spring model system was adapted for sensor design, as shown in
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Fig. 10. Devices with CNT yarn and acceleration sensing characteristics configured with a mass load. (a)—(c) Device configured with a mass
load and acceleration sensing characteristics. (d)—(f) Acceleration sensing using body mass for seatbelt sensors. (a) CNT yarn sensor device
configured with a mass load. (b) Dynamic OCV responses for various sinusoidal accelerations at 10 Hz. Inset figure: enlarged sinusoidal OCV
waveform at an acceleration of 11.83 m/s2. (c) Linear relationship of generated OCV changes versus applied accelerations. Data points are the
average values and standard deviations of ten experiments. (d) lllustration of acceleration sensing system for seatbelt application using body
mass. (e) Dynamic OCV responses for randomly applied acceleration. The applied accelerations were controlled by varying the braking intensity.
(f) Generated maximum OCYV versus the measured acceleration with reference accelerometer. Data points are the average values and standard
deviations of five experiments.
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Fig. 10(a) [33]. The inertial mass is a steel cylinder with a weight
of 10 g, and the coiled CNT yarn acts as a spring. One end of
the mass was connected to the CNT yarn and the other end was
tethered with nylon fiber. The nylon fiber was used to prevent the
rotation of the coiled CNT yarn and friction between the outer
wall of the device and the mass by dangling of the CNT yarn;
the nylon fiber additionally acts as a damper and a mechanical
end—stop. The device was filled with a liquid electrolyte of
0.6 M NaCl aqueous solution and sealed completely. When the
mass configured device was exposed to a sinusoidal vibration at
10 Hz, the sinusoidal variation in OCV increased proportionally
as the applied vibration increased from 3.94 to 32.18 m/s” [see
Fig. 10(b)]. The generated OCV increased for the higher applied
acceleration and the OCV changes appeared to have a linear
relationship with the applied acceleration [see Fig. 10(c)].

Fig. 10(d) illustrates the acceleration sensing system using a
CNT yarn for a seatbelt application in which a human body was
used as the seismic mass. A commercial accelerometer (PCB
Piezotronics, model 352C33) was attached on the chest part of
the seatbelt for acceleration measurement as a reference. The ac-
celeration was controlled by varying the intensity of braking, the
OCYV generated a response to acceleration, and showed very fast
responses/recoveries that corresponded to the output voltages
of the commercial accelerometer (Fig. 10(e)). The generated
maximum OCV appeared to have a linear relationship with
the measured acceleration levels by the reference accelerometer
(Fig. 10(f)). This result shows the functionality of the CNT yarn
sensor for application to fabric or textile-type acceleration sensor
devices.

However, the liquid electrolyte is not suitable for practical
application due to several problems, including the leak from
devices, the corrosion of electric wires, and the performance
degradation. Therefore, we further tested the CNT yarn acceler-
ation sensor with a solid electrolyte (10 wt% PVA/0.6M NaCl).
As shown in Fig. 11(a), the mass configured device systems
[see Fig. 10(a) with a solid electrolyte showed the proportional
sinusoidal variation in OCV to the applied vibration from 3.94
to 32.18 m/s>. The OCV changes showed a linear relationship
with the applied acceleration. For the seatbelt application test
in Fig. 11(b), CNT yarn sensor with solid electrolyte also
showed the acceleration sensing performances similar to liquid
electrolytes. The OCV changes of the CNT yarn sensor appeared
fastresponses/recoveries, and the generated maximum OCV was
alinear relationship with the acceleration levels measured by the
reference accelerometer.

The working principle of the self-powered CNT yarn accel-
eration sensor can be explained as follows (see Supplementary
Information). Once a force is applied to the yarn in the stretching
direction, the yarn is accelerated, and then the displacement
occurs by a stretching (accelerating) force. The double integral
relationship between the displacement and acceleration is given
as

t
s(t):// a(7)dr+v(0)t+ 5 (0) 0
0
where s(t) and a(7) are the time-dependent displacement and
acceleration, and v(0) and s(0) denote the initial displacement
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Fig. 11. Acceleration sensing characteristics mass load configured
devices with solid electrolyte (10 wt% PVA/0.6M NaCl) and CNT yarns.
(a) Dynamic OCV responses for various sinusoidal accelerations at
10 Hz. Inset figure is the linear relationship of generated OCV changes
versus applied accelerations. Data points are the average values and
standard deviations of ten experiments. (b) Generated maximum OCV
versus the measured acceleration with reference accelerometer. Inset
figure is dynamic OCV responses for randomly applied acceleration.
Data points are the average values and standard deviations of five
experimental results.

and velocity, respectively. If the CNT yarn is in the stationary
state initially and the acceleration is constant, then v(0) and
s(0) will be zero and the displacement (stretched length) will be
proportional to the acceleration, s(t) = 1at?.

The OCV of the coiled CNT yarn depends on structural
changes such as yarn diameter, bias angle, coil pitch length,
and intrabundle porosity in the harvesting sensor system. The
variation of the microstructure alters the number of interca-
lated electrolyte ions in the CNT bundles, which is closely
associated with the electrochemical states of the CNT yarn.
Consequently, the OCV change generates from yarn length
variation is proportional to the stretched length, and also to
the correlated acceleration. The theoretical sensing mechanism
of the CNT yarn sensor can be explained as outlined above;
however, the acceleration sensing range of a yarn-type sensor
might be limited due to restrictions in the mechanical properties
of the yarn. A coiled CNT yarn appears to have elastic behavior,
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reversibly stretching and releasing without hysteresis, with a
linear increase in tension (stress) during the stretching for the
applied strain in the stress—strain curve [34]. The proposed
CNT yarn sensor can detect quite high accelerations with fast
displacement changes due to the uniform dynamic structural
change characteristics of the coiled CNT yarn during the stretch—
release cycles and to its robustness even at a frequency of
30 Hz [29].

The generated OCV change in the CNT yarn acceleration
sensor is mainly affected by the yarn length change induced
by the acceleration. If the yarn is stretched at a constant strain
with a different frequency, the maximum OCV changes would
be similar, although the stretching acceleration is different. This
might be the limit of the yarn-type accelerometer, the output
of which depends on yarn length change, even though this
phenomenon is only confined to the sensing characteristics at
periodic acceleration systems (not in irregular accelerations).
However, the dependence of OCV change on yarn length could
be compensated by using the OCV change rate as another sensor
signal [see Figs. 7(a), and 8(a)].

The commercial accelerometers appeared to saturate the sen-
sor output above 10 Hz despite the fact that their specified
frequency range was 0-200 Hz (see Fig. 9). This suggests that
it might be difficult for these accelerometers to cover their
frequency specification because their frequency range is over-
estimated compared with their measurable acceleration levels,
and this smaller than nominal frequency range in accelerometers
should be improved. The CNT yarn sensor appears to possess
excellent dynamic properties with a wide frequency range of
acceleration, which suggests that it is appropriate for use as an
accelerometer with a fairly wide frequency range.

The proposed CNT yarn acceleration sensor has functionality
for a variety of applications due to its unique and compact yarn-
type design. The excellent acceleration sensing performance
of the CNT yarn sensor attached to a mass suggests that the
proposed CNT yarn sensors have many potential applications for
acceleration detection in fabric or textile-type accelerometers in
seatbelts or car seats.

V. CONCLUSION

In this article, we have developed and characterized a self-
powered CNT yarn sensor as a novel accelerometer. The CNT
yarn showed an excellent dynamic response for acceleration
changes, and the change in the OCV was linearly proportional to
the applied acceleration. In particular, the CNT yarn exhibited
excellent acceleration sensing performance at the low-frequency
range (0-20 Hz), whereas the output voltage of commercial
accelerometers was easily saturated at 10 and 20 Hz. In the two
applied models using mass-configured CNT yarn devices, we
showed that the OCV changes based on CNT yarn appeared to
have a linear relationship with applied accelerations. Therefore,
the proposed CNT yarn acceleration sensor could further be de-
veloped for practical applications such as seatbelts and car seats
with fabric and textile due to its excellent sensing performance
and variety of application possibilities.
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